Candidatus Poribacteria is a little-known bacterial phylum, previously characterized by partial genomes from a single sponge host, but never isolated in culture. We have reconstructed multiple genome sequences from four different sponge genera and compared them to recently reported, uncharacterized Poribacteria genomes from the open ocean, discovering shared and unique functional characteristics. Two distinct, habitat-linked taxonomic lineages were identified, designated Entoporibacteria (sponge-associated) and Pelagiporibacteria (free-living). These lineages differed in flagellar motility and chemotaxis genes unique to Pelagiporibacteria, and highly expanded families of restriction endonucleases, DNA methylases, transposases, CRISPR repeats, and toxin-antitoxin gene pairs in Entoporibacteria. Both lineages shared pathways for facultative anaerobic metabolism, denitrification, fermentation, organosulfur compound utilization, type IV pili, cellulosomes, and bacterial proteosomes. Unexpectedly, many features characteristic of eukaryotic host association were also shared, including genes encoding the synthesis of eukaryotic-like cell adhesion molecules, extracellular matrix digestive enzymes, phosphoinositol-linked membrane glycolipids, and exopolysaccharide capsules. Complete Poribacteria 16S rRNA gene sequences were found to contain multiple mismatches to "universal" 16S rRNA gene primer sets, substantiating concerns about potential amplification failures in previous studies. A newly designed primer set corrects these mismatches, enabling more accurate assessment of Poribacteria abundance in diverse marine habitats where it may have previously been overlooked.
Introduction
Candidatus Poribacteria were first identified in the marine sponge Aplysina aerophoba more than 14 years ago [1] , but have never been successfully isolated in laboratory culture. It is not known whether the relationship of Poribacteria with their hosts is mutualistic, commensal, or parasitic, although vertical transmission has been demonstrated throughout all host reproductive stages [2, 3] . Significant sequence divergence between Poribacteria and their nearest sister groups have made confident taxonomic placement challenging. Poribacteria form a deep-branching, monophyletic clade alternatively proposed, with limited bootstrap support, as most closely related to the PlanctomycetesVerrucomicrobia-Chlamyidiae superphylum [1] , Hydrogenedentes [4] , Spirochaetes [5] , and Acidobacteria [6] .
Cellular structure and potential metabolic capabilities of Poribacteria have been inferred from microscopic observations [1, 7] , partial single-cell amplified genomes [8, 9] , metatranscriptomic recruitment to these genomes [7] , and taxonomic binning of metagenome-assembled contigs [5] . Pathway reconstructions from these sources have suggested a heterotrophic, primarily aerobic lifestyle that includes glycolysis, oxidative phosphorylation, and autotrophic carbon fixation via the Wood-Ljungdahl pathway. A diverse set of carbohydrate degrading enzymes and abundant sulfatases have been interpreted to enable the digestion of sponge host extracellular matrix [8] , supported by in situ fluorescence hybridization and electron microscope images demonstrating the localization of ovoid-shaped Poribacteria cells embedded within Aplysina aerophoba mesohyl tissues [1, 7] .
Several investigators have observed the presence of enclosed micro-compartments within Poribacteria cells. These structures were originally described as DNA-containing, membrane-bound nuclear bodies, based on fluorescence in situ hybridization and immuno-gold staining [1, 10] , but this claim was later disputed based on transmission electron microscopy and correlative light and electron microscopy results [7] . In the absence of cultured cells for laboratory verification, the function of these compartments currently remains unresolved.
Ultrastructure and molecular characterization studies to date have relied heavily on samples obtained from a single host, Aplysina aerophoba, but Poribacteria-related 16S rRNA genes have also been detected in numerous other sponge genera, including Agelas, Astrosclera, Dactylospongia, Geodia, Ircinia, Plaktoris, Pseudoceratina, Rhabdastrella, Theonella, Vaceletia, and Xestospongia [2, [11] [12] [13] [14] [15] [16] [17] [18] [19] . Closely related 16S rRNA sequences have also been observed, albeit at much lower levels, in corals, seawater, and marine sediment samples [2, 3, [19] [20] [21] [22] .
Phylogenetic trees constructed from partial 16S rRNA sequences suggest that sponge-associated Poribacteria may fall into four [16, 23] or five [24] distinct subclasses, but no correlations have been observed between these classes and sponge host taxonomy or geographical location. Several studies analyzing sponge-associated microbial communities with specifically targeted 16S rRNA gene primers observed Poribacteria-related sequences at relative abundances of 20-30% [1, 12, [25] [26] [27] . Other studies, using only broader "universal" primers, found much lower relative abundances in samples from the same sponge host species [19, 28] . These differences may reflect natural biological variation, but could also be the result of reduced sensitivity due to amplification primer mismatches [1, 9, 12, 29] , raising concerns that historical surveys relying exclusively on unsuitable primers may have systematically under-reported Poribacteria abundance.
A set of 2631 metagenome-assembled genomes from the Tara Oceans project, reconstructed from multiple samples of varying depths and filter sizes, were found to include thirteen putative Poribacteria-related genomes [6] . Metagenomic assembly has also identified two Poribacteria-related contig bins in the particulate fraction of deep-sea hydrothermal vent plumes, with estimated read abundances in some samples approaching 1.25% of the microbial community [20] . The extent to which the functional capabilities of these open ocean Poribacteria might resemble those of their sponge-associated relatives is unknown. Detailed evolutionary relationships between genomes from different habitats also remain to be determined.
In this study, metagenomic assembly techniques were used to reconstruct eight new high quality Poribacteria genomes from four different Verongid sponge genera, collected at distant geographic locations. These genomes have been compared with previously reported sponge-associated sequences as well as Poribacteria-related genomes from the open ocean, to determine their taxonomic relationships and explore shared versus unique functional activities associated with their collective pangenomic repertoire.
Materials and methods

Sample collection and processing
Sponge specimens, collection dates, and locations are described in Supplementary Figure 1 . DNA was extracted from frozen whole sponge tissue by lysis at 55°C for 30 min in 4 M guanidine thiocyanate, 2% sarkosyl, 50 mM EDTA, 40 μg/ml proteinase K, and 15% β-mercaptoethanol, followed by Mini-Beadbeater-8 (BioSpec Products, USA) homogenization for 20 s with 0.1 mm silica beads, extraction with one volume of phenol:chloroform:isoamyl alcohol (25:24:1), and cleaning with the Quick-gDNA MiniPrep kit (Zymo Research, USA).
16S rRNA analysis
V4 region amplification was performed using the Illumina two-reaction strategy [30] with Q5 polymerase (NEB, USA). Amplifications were performed using two different initial primer sets; 515FB-806RB (Fwd:GTGYCA GCMGCCGCGGTAA;
Rev:GGACTACNVGGGTWT CTAAT) [31] and 515Fsp-806Rsp (Fwd:GTGCCAGCA GCYGCGGTAA;
Rev:GGACTASCGGGGTATCTA AT), modified to eliminate Poribacteria-specific mismatches. First stage amplifications were performed in triplicate, with an initial 30 s denaturation at 98°C, followed by 25 cycles of 10 s at 98°C, 30 s at 54°C, 20 s at 72°C, and final extension 2 min at 72°C. Barcoding reactions were performed on 5 µl pooled aliquots of each sample with 8 amplification cycles at annealing temperature 60°C.
Equimolar concentrations of dual-barcoded amplicons were sequenced using Illumina's MiSeq platform to obtain 2 × 300 bp reads (UC Davis DNA Technologies Core).
MiSeq reads were trimmed with Trimmomatic version 0.35 [32] using the settings SLIDINGWINDOW:4:5, MINLEN:100. Paired reads were further processed in Qiime version 2017.12.0 [33] for denoising, primer trimming, read-pair merging, and non-ribosomal sequence filtering, using the DADA2 workflow [34] . Taxonomies were assigned using the scikit-learn naive bayes classifier [35] and SILVA database release 128 [36] , supplemented with Poribacteria 16S rRNA gene sequences from this study. Taxonomies and count tables were imported into R using phyloseq version 1.20.0 [37] , and normalized using the cumulative-sum scaling method from MetagenomeSeq version 1.1216 [38] .
Metagenomic sequencing, assembly, and annotation
Metagenomic DNA libraries were constructed using TruSeq Nano kits (Illumina, San Diego CA) to obtain 150 bp paired-end reads using the Illumina HiSeq 2500 platform in Rapid Run mode. Paired-end reads were quality filtered and trimmed using Trimmomatic version 0.35 [32] , with the following parameters: adapter-read alignment settings 2:30:10, LEADING:3, TRAILING:15, HEADCROP:15, SLIDINGWINDOW:4:15, MINLEN:115. Preliminary guide assemblies were created using IDBA-UD version 1.1.3 set to default parameters [39] . Input reads were mapped to scaffolds from these preliminary assemblies using the end-to-end option of Bowtie2, version 2.2.7 [40] . Coverage depth was calculated using the idxstats module of samtools version 1.3 [41] . Preliminary scaffolds were grouped into bins based on percent GC, nucleotide composition, assembly depth of coverage, and taxonomic assignment by DarkHorse version 2.0 [42, 43] , as previously described [44] . Read subsets from scaffold bins identified as potentially belonging to Poribacteria were reassembled using Celera Assembler version 8.3 [45] , configured with merSize = 17, utgGenomeSize = 5 Mb and utgErrorRate = 0.01.
Previously reported Poribacteria single-cell genomes were downloaded from IMG-MER [46] . Poribacteria-related genomes assembled from the Aplysina aerophoba metagenome [5] and the Tara Oceans projects [6] were downloaded from the Genbank WGS sequence database. Corresponding metadata for Tara Oceans sequences were retrieved from supplementary online sources [47, 48] . Ab initio gene predictions and functional descriptions were obtained using Prokka version 1.12 [49] for genomes lacking publicly available annotation data, using default program settings. Poribacteria metagenome-assembled genomes generated in this study were also annotated at IMG-MER [46] . CRISPR repeat regions were identified using the CRISPR Repeat Tool software, version 1.2 [50] . Assembly bin quality was assessed using CheckM version 1.07 with the default set of bacterial marker genes [51] . Potentially over-represented protein functional families were identified using Hidden Markov Models (HMMs) from the Pfam-A version 32 [52] and TIGRFAM release 15 [53] databases. In cases where models with overlapping functional activities matched the same target protein (e.g., restriction endonucleases), only the HMM with the highest bitscore was included in quantitative tallies, so that no protein was counted more than once.
Phylogenetic placement and protein family clustering
Poribacteria-related 16S rRNA gene sequences were downloaded from SILVA database release 132 [36] and aligned with sequences extracted from assembled Poribacteria genomes using the SILVA Incremental Aligner (SINA) version 1.2.11 [54] . Concatenated alignments of 28 highly conserved single-copy genes were created using MUSCLE version 3.8.31 [55] . Phylogenetic trees were constructed using FastTree version 2.1.8 [56] and visualized using FigTree version 1.4.3 [57] .
Average amino acid identity (AAI) and average nucleic acid identity (ANI) calculations were performed using the online ANI/AAI-Matrix Genome-based distance matrix calculator [58] . ANI scores below 75% were excluded from the analysis, as they have been shown to be unreliable [59] . Protein family clusters for predicted proteins were obtained using ProteinOrtho version 5.16b [60] , excluding assembled genomes estimated to be <50% complete. Venn diagrams were produced using the venneuler module of the R software package, version 3.4.0 [61] . and EulerAPE version 3.0 [62] .
Relative abundance measurements
Trimmed, quality-filtered reads from each sponge metagenomic sample were randomly down-sampled to 50,000 read subsets, then translated into all six frames using the EMBOSS 6.0 transeq tool [63] . Predicted proteins from each random subset were analyzed using DarkHorse version 2.0 [42, 43] with a filter threshold setting of 0.01 to find taxonomic classifications for database matches. Because none of the previously published single cell or metagenome-assembled Poribacteria genomes were included in Genbank nr as of January 2018, the DarkHorse reference database was customized to include these sequences as a supplement, along with the eight newly assembled Poribacteria genomes described in this study.
Database deposition Information
All sequence data associated with this study have been deposited under NCBI BioProject ID PRJNA433267 and the Joint Genome Institute Integrated Microbial Genomes and Microbiomes (IMG/M) resource [46] (Supplementary  Table S1 ).
Results and discussion
Genome assembly and quality assessment All available host-associated Poribacteria genomes prior to this study were obtained from a single sponge species, Aplysina aerophoba, collected from the Adriatic Sea, including five single-cell genomes (SAGs) and two metagenome-assembled genomes (MAGs). The current study has expanded the host range of Poribacteria-like genomes to encompass eight new MAGs from four additional sponge genera, Agelas, Dysidea, Melophlus, and Pseudoceratina, collected from geographically distant sites in the Atlantic and Pacific oceans (Table 1) .
Thirteen MAGs from the Tara Oceans project have recently been classified as belonging to candidate phylum Poribacteria [6] . These 13 MAGs comprise <0.5% of the 2631 genomes described in the study, but cover a worldwide geographical distribution, with collection sites including the Red Sea, the Mediterranean Sea, and both Atlantic and Pacific oceans (Fig. 1) .
Previously published tables mapping raw reads for assembled Tara oceans Poribacteria MAGS to underlying sample ids [48] were joined with metadata from the NCBI Short Read Archive [64] and an earlier publication documenting sample depths and filter sizes [47] to create Supplementary Table S2. Although multiple different filter sizes and sampling stations were included in the initial assembly pipeline, most of the final consensus sequences were reconstructed primarily with reads originating from a single source. Twelve of the 13 Poribacteria-related Tara Oceans genomes were assembled primarily from reads collected in deep chlorophyll maximum and mesopelagic zones, at depths ranging from 70 to 800 m. Ten of these genomes were predominantly derived from reads in the 0.8-5 µm filter fraction rather than the smaller 0.22-1.6 µm fraction typical of free-living bacteria. These data strongly suggest association with sinking particulate matter, consistent with the independent discovery of Poribacteria on particles collected from a deep hydrothermal vent environment [20] .
Genomic characteristics and assembly quality metrics for Poribacteria genomes in the current study, including all standard parameters recommended in ref. [65] , are presented in Table 1 and Supplementary Table S1 . Two previously published MAGs (MPMS and MPMY) and DGPOR9 from the current study exceeded the maximum recommended CheckM "contamination" value of 10%, but were included in the study because they provided unique information unobtainable from other sources. MPMS and MPMY are the most complete available Poribacteria representatives from sponge family Aplysinidae, while DGPOR9 is the only representative from sponge host family Dysideidae, in which Poribacteria had not previously been reported. When duplicated proteins flagged by CheckM were tested in a blast search that also included all proteins in Genbank nr, they most closely matched other (non-self) Poribacteria sequences, suggesting the duplicated proteins were most likely co-assembled Poribacteria strain variants.
Sponge-associated Poribacteria genomes showed no evidence of symbiosis-related genome streamlining [66] . Average sizes for genome bins of sponge-associated Poribacteria reported as more than 90% complete by CheckM were actually slightly larger (5.4 ± 0.69 MB, n = 10) than those from the Tara Oceans dataset (5 ± 0.28 MB, n = 9), although this difference was not statistically significant (pvalue = 0.18, two-tailed t-test). Average nucleotide compositions ranged from 40 to 50% GC, with the exception of one sponge-associated genome at 53.9% GC and one Tara Oceans genome at 66.6% GC. Estimated completeness for MAGs was generally higher than for SAGs, but some MAGs also had higher duplication levels for single-copy marker genes.
Taxonomic relationships and subgroups
Taxonomic relationships between Poribacteria genomes were analyzed using four different, complementary techniques: 16S rRNA gene trees, concatenated multi-locus gene trees, average amino acid identity (AAI), and average nucleotide identity (ANI). These independent approaches were especially valuable in compensating for unequal completeness among the genomes being analyzed. Phylogenetic trees based on 16S rRNA genes have the advantage of allowing comparison with publicly available sequences where no other genomic data are available; however, many Poribacteria assemblies, even some that are otherwise nearly complete, lack full-length 16S rRNA gene sequences (Table 1) . Alternatively, 22 of the assembled Poribacteria genomes contain a complete set of 28 conserved, singlecopy marker genes (Supplementary Table S3 ), which were used to construct a concatenated multi-locus tree. AAI and ANI clustering enable placement of incomplete genomes lacking 16S rRNA and/or single-copy marker genes, although no bootstrap support values can be inferred using these metrics. All classification methods agreed in clustering the Tara Oceans MAGs together in a single, well-supported monophyletic clade, with the exception of genome ARS61, an outgroup to both open ocean and sponge-associated Poribacteria (Figs. 2, 3) . The dissimilarity between ARS61 and all other Poribacteria-related sequences is consistent with its previously published placement as an outgroup in a much broader multi-locus tree [6] , as well as its highly atypical nucleotide composition (Table 1) . Although ARS61 is more closely related to Poribacteria than to Planctomyces outgroup Rhodopirellula baltica, its placement inside phylum Poribacteria cannot be confidently confirmed until additional genomes from suitably related sister phyla become available.
16S rRNA gene phylogenetic analysis placed all spongeassociated Poribacteria genomes into previously classified subgroups 1, 2, or 4, with no representatives in subgroups 3 or 5 (Supplementary Figure S2) . Searches of the NCBI, SILVA, and IMG-MER databases for additional Poribacteria-related sequences retrieved Tara Oceans entries from earlier, less complete metagenomic assemblies from North Atlantic, Peruvian Coast, and Red Sea samples (CEVJ01037068, CETA01044412, and CENY01011605), but none from 16S rRNA amplicon studies at these same locations. One additional Tara Oceans-related 16S rRNA sequence (JYMV01042177) was recovered from a hydrothermal vent plume sampling project [20] , but this sequence was also obtained through metagenomic assembly rather than 16S rRNA gene amplification. No Poribacteria-related Figure S2) and AAI distance clustering (Fig. 3) . Supplementary  Table S3 lists the 28 genes used to construct this tree, which were all present in all genomes shown sequences were detected in an earlier 16S rRNA gene study of the same environment by the same authors [67] . The unexpected absence of database matches from 16S rRNA amplification studies to environmental sequences from the open ocean may be linked to mismatch issues with commonly used "universal" primers, as discussed below.
The names Entoporibacteria and Pelagiporibacteria have been selected to represent genomes from spongeassociated and open oceans clades, respectively. Relative taxonomic distances between Entoporibacteria and Pelagiporibacteria genomes were estimated based on pairwise comparisons of 16S rRNA gene nucleotide identity, ANI, and AAI (Fig. 3, Supplementary Figure S3a, b) . AAI scores (49-53%) and 16 S rRNA gene identities (87-93%) suggest that Entoporibacteria and Pelagiporibacteria fall within ranges recently proposed to represent separate families (AAI) or orders (16S rRNA) [68] . Although some evidence suggests that AAI levels below 45% and 16S identities 73-85% might be characterized as phylum-level differences [59, 68, 69 ], confident assignment of higher level taxonomic categories typically requires comparisons of several closely related sister groups, an approach that is not currently feasible for Poribacteria.
Genomes with ANI scores > 95%, AAI scores > 65-95%, and 16S rRNA gene identities > 98.6% are most often classified as belonging to the same species, while those with AAI scores of 65-95%, or 16S rRNA gene identities > 95-98% are generally considered members of the same genus [68] . By these criteria, Pelagiporibacteria subgroups 6a, 6b, and 6c and Entoporibacteria subgroups 1 and 2 each represent separate genera. The hydrothermal vent particleassociated 16S rRNA gene sequence JYMV01042177 (Lau Basin; 2000 m depth) was 97.4% identical to Tara Oceans genome ARS1035 (Arabian Sea; 600 m depth), suggesting membership in the same genus. 
Shared functional activities
A total of 106,793 predicted proteins from Entoporibacteria and Pelagiporibacteria draft genomes were processed using ProteinOrtho to yield 10,654 family clusters. Approximately one third of these protein families were shared in both Entoporibacteria and Pelagiporibacteria genomes (Fig. 4) . Shared protein family percentages within subgroups of these major lineages are shown in Supplementary Figure S4 . Predicted functions of protein families shared between Entoporibacteria and Pelagiporibacteria encompass most features of central metabolism previously described in Aplysina host-associated SAGs and MAGs, including complete pathways for glycolysis, oxidative phosphorylation, the tricarboxylic acid cycle, oxidative and nonoxidative branches of the pentose phosphate pathway, and carbon fixation via the Wood-Ljungdahl pathway (Supplementary Table S4 ). Entoporibacteria and Pelagiporibacteria genomes also shared predicted genes and pathways for complex carbohydrate degradation, assimilatory sulfate reduction, denitrification, urea degradation, propane/butane-diol utilization, and fermentation of citrate, lactate, and pyruvate, suggesting facultative adaptation to microaerophilic or anaerobic conditions. Both groups also encoded conserved Gram-negative outer membrane and periplasm components, translocases, type II protein secretion systems, protein families related to bacterial microcompartment and gas-vesicle shell formation (pfam00936 and pfam12732), and synthetic pathways for branched chain fatty acids, peptidoglycans, lipopolysaccharides, sterols, and vitamin cofactors (biotin, thiamine, and cobalamin).
The combined analysis of multiple genomes, including many that are nearly complete, enabled identification of some shared protein functions not previously described in Poribacteria. These include genes encoding exopolysaccharide capsule biosynthesis and assembly; bacterial proteosome/Pup mediation of protein turnover; cellulosome anchoring of extracellular enzyme complexes through cohesin and dockerin domains; metabolism of the osmolytes ectoine and glycine betaine; competence proteins involved in DNA uptake, type IV pili and plasmid transfer functions; and phage defense through CRISPR/Cas systems, restriction endonucleases, and nucleic acid modification methylases.
Several protein families previously suggested as potentially adaptive to a host-associated lifestyle [5, 8, 9] were unexpectedly abundant in Pelagiporibacteria genomes, with some averaging more than 10 copies per genome (Fig. 5) . These include predicted membrane adhesion factors such as concanavalin A-like lectins and immunoglobinlike, fibronectin, leucine-rich repeat, and pleckstrin homology domains. Additional shared protein clusters included not only glycosaminoglycan degradation enzymes (for example heparinases), but also multiple neuraminidases, ceramidases, and chitinases.
Both Entoporibacteria and Pelagiporibacteria encode pathways utilizing glycosylated phosphotidyl inositols, normally found in eukaryotes and archaea but not in bacteria outside of phylum Actinobacteria [70] . Pathogenic Mycobacteria use cell membrane glycolipids anchored by myo-inositol lipid head groups to mediate interactions with their terrestrial hosts [71] . Shared Poribacteria protein families included not only multiple variants of previously described degradative enzymes like myo-inositol 2-dehydrogenase and scyllo-inositol 2-dehydrogenase [8] , but also newly predicted synthetic pathway components, including myo-inositol-1-phosphate synthase, phosphatidyl inositol mannoside acyltransferase, CDP-diacylglycerol-inositol 3-phosphatidyltransferase, and inosose isomerase. Additionally, Pelagiporibacteria genomes from groups 6b and 6c encoded Mycobacteria-like tuberculostearic acid methyltransferases. Both Entoporibacteria and Pelagiporibacteria genomes shared conserved gene families encoding mycothiol synthase and mycothiol S-conjugate amidase. Mycothiol, which can act as a substitute for glutathione, is noted for its ability to defend pathogenic Actinobacteria against toxic oxygen radicals produced by mammalian phagocytes [72] . Sporulation pathway genes have not previously been described in Poribacteria, but were discovered among shared protein families identified by the current study. These genes are of particular interest with respect to the controversial intracellular compartments previously reported in microscopic images [1, 7] . Although the function of these structures in Poribacteria is currently unknown, they bear a striking visual resemblance to transmission electron micrographs of endospores in dividing cells of Lactobacillus brevis [73] . Protein family clusters annotated as stage II sporulation proteins E and M, inner spore coat protein H, SpoIIAA-like anti-anti-sigma regulatory factor, SpoIVB peptidase S55, Spore protein SP21, and spore cortex peptidoglycan biosynthesis regulator SpoVE were found in all Poribacteria clades. It is possible that these genes were inherited from an ancient spore-forming ancestor and later re-purposed to perform other cellular functions, but this scenario is inconsistent with their high degree of conservation within the Poribacteria group. Comparative studies of known endospore-forming bacteria have identified several hundred conserved genes preferentially expressed during sporulation [74] , but potential completeness of this pathway in Poribacteria is difficult to determine due to large evolutionary distances from well-studied reference genomes.
Predicted functional differences
The most obvious differences between Entoporibacteria and Pelagiporibacteria genomes were the exclusive presence of complete flagellar biosynthesis, assembly and methyl-accepting chemotaxis pathways in Pelagiporibacteria. The absence of these pathways in Entoporibacteria is consistent with a previously reported lack of flagella in microscopic observations [1, 7] and the absence of motility genes in single-cell genomes [9] . Pelagiporibacteria also contained unique beta-1,4-xylanases, potentially useful in breaking down refractory carbon from algal cell walls, as well as cryptochrome-like enzymes annotated as deoxyribodipyrimidine and (6-4) photo-lyases that were not present in any Entoporibacteria genomes. These latter enzymes, encoding ultraviolet light-induced DNA dimer repair, should not be essential at the sampling depths associated with the majority of reads used to construct Pelagiporibacteria genomes, but could be retained to support adaptive flexibility for living closer to the ocean surface.
Entoporibacteria genomes contained multiple toxinantitoxin gene families that were absent from Pelagiporibacteria, including type II pairs MazE/MazF, ParDE, RelBE, HicA-HicB, BrnA/BrT, Phd/YefM, as well as the type IV AbiE system. Toxin-antitoxin modules often control transcriptional and translational regulation, causing apoptotic self-destruction if a toxin is expressed without coexpression of its cognate antitoxin. Originally discovered for their role in plasmid retention, toxin-antitoxin systems have recently been shown promote the creation and maintenance of "persister" populations, able to survive environmental stresses such as phage infection, antibiotic challenge, and host immune response through temporary dormancy (reviewed in ref. [75] ).
Over-represented gene families
Potentially adaptive genomic characteristics can sometimes be inferred by quantitative expansion of functionally characterized gene families, beyond the simple presence or absence of individual proteins. Highly over-represented gene families in Entoporibacteria and Pelagiporibacteria are compared in Fig. 5 . Copy numbers for families associated with cell surface adhesion were consistently enriched in Entoporibacteria, especially leucine-rich repeat and dockerin domains. Dockerins have been shown to pair with cohesin domains in the assembly of extracellular compartments called cellulosomes, anchoring fibronectin-domain containing, polysaccharide-degrading enzyme complexes in terrestrial bacteria [76] . Although cellulosomes are not commonly found outside phylum Firmicutes or in marine bacteria, they have been recently reported in candidate phylum Marinimicrobia MAGs from an oxygen minimum zone, where they are proposed to participate in recycling of high molecular weight carbon compounds [77] .
Arylsulfatases are highly abundant in both Entoporibacteria and Pelagiporibacteria genomes, but determining the extent to which these enzymes participate in degradative versus synthetic pathways is difficult without experimental verification. Like many known complex polysaccharidedegrading bacteria, Poribacteria genomes contain abundant glycoside hydrolases and polysaccharide lyases. Some Poribacteria sulfatases may be acting in concert with these enzymes to enable the conversion of complex, sulfated polysaccharides into simpler monosaccharides and oligosaccharides that can be fed into other pathways for energy production [78] and/or nutrient acquisition. This metabolic strategy is consistent with the discovery of Pelagiporibacteria in sulfur-rich, black smoker hydrothermal vent plumes [20] .
Poribacteria arylsulfatases may also have a role in tailoring sulfated polysaccharide compounds synthesized for extracellular surface display. This interpretation is supported by conserved operon structures in multiple Entoporibacteria genomes where arylsulfatases occur in tandem repeats adjacent to predicted lipopolysaccharide glycosyltransferase and capsular assembly proteins, along with multiple sulfotransferases, glycotransferases, and leucinerich repeat proteins (Fig. 6 ). Gene neighborhoods for capsular assembly proteins in Pelagiporibacteria genomes are much less conserved, and do not include arylsulfatases or sulfotransferases.
A large number of Poribacteria arylsulfatases are predicted to encode enzymes with choline sulfatase activity, a key component of both synthetic and degradative pathways for glycine betaine. This compound is used as a compatible solute to counter osmotic dehydration stress in bacteria and some archaea [79] . Some Poribacteria choline sulfatases are located adjacent to predicted ectoine hydroxylase family proteins, which may be involved in metabolism of the osmolyte hydroxyectoine [80] . The presence of predicted transporters for both betaine and ectoine combined with the absence of canonical synthetic operons for these compounds suggests their potential use as nutritional resources when not required for osmoregulation.
DNA defense-related gene families for restriction endonucleases and DNA methylases were dramatically increased in Entoporibacteria (Fig. 5) , consistent with previous observations of enrichment in pooled Aplysina aerophoba sponge metagenomes containing Poribacteria [5] . These results suggest potentially greater exposure to phage predation, further supported by elevated numbers of transposases and CRISPR repeat domains. Increased DNA defense-related gene abundance is consistent with the greatly expanded repertoire of type II toxin-antitoxin pairs in Entoporibacteria, potentially creating persister cells capable of surviving population-wide viral sweeps. The recovery of five completely independent Entoporibacteria genomes from a single Pseudoceratina sp. sponge sample (PCPOR1, PCPOR2, PCPOR2a, PCPOR2b, and PCPOR4) also supports a model of environmentally selective genome modification pressure.
Relative abundance of Poribacteria in sponge hosts
Bacterial community abundance measurements based on 16S rRNA genes are known to over-report taxonomic groups with higher rRNA gene copy numbers, while measurements based on unamplified metagenomic reads can be impacted by differing genome sizes. Both methods are susceptible to artifacts arising from database incompleteness, preventing classification of novel species. These biases cannot readily be corrected in environmental samples containing unidentified taxa, where 16S rRNA gene copy number and genome sizes for many community members are unknown. To address these potential limitations, sponge microbial community abundances for Poribacteria were analyzed by comparing results utilizing both techniques.
Measurements of Poribacteria relative abundance based on 16S rRNA gene analysis were approximately fivefold higher with newly designed primer set 515Fsp/806Rsp compared to "universal" V4 region primer set 515FB/ 806RB (Fig. 7) . To maintain a total value of 100%, relative abundances for non-Poribacteria taxonomic groups were correspondingly reduced (Supplementary Figure S5) . It was not possible to determine whether differences in non-Poribacteria abundance might be due to discriminatory bias by one primer set or the other, because the true, unbiased taxonomic composition of these natural samples is unknown. For sponge samples from Pseudoceratina, Dysidea, and Melophlus, Poribacteria abundance gains with the new primers were more than threefold larger than corresponding losses in any other individual taxonomic group. The gain in Poribacteria abundance with primer set 515Fsp/ 806Rsp was not larger than corresponding losses in other taxa for the Agelas sample, perhaps linked to low Poribacteria abundance.
Impaired Poribacteria detection with primer set 515FB/ 806RB was further corroborated by relative abundance values that were 8-to 10-fold lower than those obtained using unamplified metagenomic reads for samples from Pseudoceratina, Dysidea, and Melophlus, versus only 1.5-to 1.8-fold lower for these same samples using primer set 515Fsp/806Rsp. In the Agelas sample, Poribacteria abundances with the 515FB/806RB primers were 37-fold lower than metagenomic estimates, versus 6-fold lower with primer set 515Fsp/806Rsp. These results are consistent with previously reported non-linearity of primer bias effects [81, 82] , which may be exaggerated at lower relative abundance levels.
The 515FB and 806RB primers each contain nucleotide mismatches to some (806RB) or all (515FB) 16S rRNA genes from assembled Poribacteria genomes (Supplementary Figure S6a-c) . These mismatches apparently hindered, but did not completely abolish amplification in the four sponge samples tested here, perhaps reflecting clade-specific alignment differences to primer 806RB (Supplementary Figure S6a ) that might allow some Poribacteria strains to be more easily detected than others. All known mismatches have been corrected in primer pair 515Fsp/ 806Rsp, but many other widely used primers, including historical favorite 27F [83] , contain two or more mismatches to Poribacteria 16S rRNA genes, making successful amplification highly unlikely (Supplementary Figure S6a) .
Potential environmental adaptations
This work has shown that environmental habitats define the division of Poribacteria into two taxonomically distinct lineages, designated as Entoporibacteria, associated with marine sponge tissues, and Pelagiporibacteria from the open ocean. The availability of multiple genomes from both lineages has not only enabled recognition of shared versus unique gene families, metabolic pathways, and conserved operon structures, but also the discovery of potentially adaptive quantitative differences in functional capacities between the two groups.
Enzymes associated with the hydrolysis of sulfated glycan polymers from eukaryotic tissue and/or particulate organic matter are abundant features in both Entoporibacteria and Pelagiporibacteria genomes. Suitable substrates should be present in seawater filtrates collected by sponge hosts, as well as sinking particles in the open ocean [84] . Pelagiporibacteria genomes encode flagellar structures and chemotaxis machinery for sensing and responding to environmental chemical gradients, but Entoporibacteria have lost this capability. They may compensate for their immotility by embedding themselves in host tissues via extracellular matrix degrading enzymes, potentially using the resulting products for heterotrophic growth, and simultaneously reducing the risk of being washed away by host seawater pumping action. Phosphoinositol-linked glycolipids and capsular exopolysaccharides can create impermeable membrane barriers that mimic eukaryotic tissue surface chemistry [85] , potentially allowing Entoporibacteria to avoid recognition by host phagocytes. Although all sponge specimens analyzed in this study appeared healthy at the time of collection, it is not known whether Poribacteria elicit any negative consequences for their hosts. Spongeassociated Poribacteria may act as commensal symbionts, or possibly opportunistic pathogens under appropriate circumstances.
Non-motile symbiotic microbes associated with sessile, benthic organisms may face additional challenges in escaping viral predators and dispersing to new locations in the event of host death. Evidence for the toll of phage predation on Entoporibacteria includes the coexistence of multiple closely related strains within the same host, along with greatly elevated numbers of transposases and CRISPR repeats within their genomes. Genomic evidence suggests that phage predation pressure may be addressed through the expansion of restriction endonuclease gene families and the acquisition of multiple toxin-antitoxin pairs enabling possible self-initiated reduction in population sizes, as well as the creation of inactive cells with a persister phenotype to enhance survival during viral blooms.
Many marine sponges can reproduce by tissue fragmentation [86] [87] [88] , enabling embedded or tightly adhering microbiome components to be passed vertically during reproduction and dispersal. Dispersal of both Entoporibacteria and Pelagiporibacteria to new environments might also be facilitated by the formation of endospores, accumulation of osmoprotective ectoines and glycine betaines, and the formation of capsules to protect cells from Fig. 7 Relative abundance of Poribacteria in sponge microbial communities. P1 16S primer set 515FB/806RB (Earth Microbiome Project), P2 16S primer set 515Fsp/806Rsp (sponge-poribacteria adjusted), UA unamplified metagenomic reads, mapped to database protein sequences using the DarkHorse algorithm [42] environmental stresses. Microbial species inhabiting the marine sponge Haliclona have been proposed to use sporulation as a mechanism to survive ingestion by host phagocytes, which subsequently redistribute the engulfed bacteria to additional sites within the same host [89] . Whether or not actual spores are formed, resistance to eukaryotic digestive processes could provide an additional dispersal mechanism in the event that Poribacteriacontaining tissues or marine particles are ingested by fish or invertebrate grazers.
Entoporibacteria and Pelagiporibacteria genomes both contain a large number of factors typically linked to a eukaryotic host-associated lifestyle. These include enhanced adhesion to eukaryotic cell surfaces; digestion of host tissue via heparinases [90] , neuraminidases [91] , ceramidases [92] , and chitinases [93] ; the incorporation of phosphoinositol-linked glycolipids into cell membranes [94] ; the formation of exopolysaccharide capsules containing host cell surface-mimicking domains [85, 95] ; the production of mycothiol to undermine oxidative host defenses [72] ; and the targeting of pupylated substrates to bacterial proteosomes, previously shown to be a mechanism for inactivating lysosomal enzymes after engulfment by host macrophages [96] . The suggestion that much of the sinking particulate matter in the open ocean originates from marine eukaryotic hosts [84] , offers an intriguing possible explanation for the unexpected abundance of functional activities characteristic of host association in Pelagiporibacteria genomes. Multiple resistance mechanisms to protect cells from ingestion by particle grazers may further contribute to survival and dispersal of Pelagiporibacteria in the water column. The presence of Pelagiporibacteria in hydrothermal vent plumes 2000 m deep suggests these organisms may be capable of adapting to a wide range of different depths.
Poribacteria may be more abundant in marine environments than previously appreciated. Historical studies relying exclusively on mismatched primers such as 27F and 515FB/806RB to quantify Poribacteria in environmental samples may have failed to detect these organisms due to amplification bias. These findings are particularly relevant given on-going collaborative efforts to catalog marine microbial diversity, including the Earth Microbiome Project [97] and the Global Sponge Microbiome Project [98] . More sensitive and accurate determination of Poribacteria abundance and distribution in marine habitats will undoubtedly provide new opportunities to assess their contributions to microbial ecosystem functions in places where they may have been previously overlooked.
